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Abstract Scale-area curves are increasingly used in
ecology to predict population trajectories, based on the
assumption that observed patterns are indicative of
population dynamics. However, for introduced spe-
cies, scale-area curves might be strongly influenced by
introduction history. We examined the spatial struc-
ture of an invasive tree species (Acacia elata; Faba-
ceae) introduced to South Africa as an ornamental
plant and compared our findings with previous work
done on a species introduced for dune stabilization (A.
longifolia). A fractal sampling method was used to
map the occupancy of A. elata at twelve spatial scales
for ten quarter-degree grid cells throughout South
Africa. Based on the fractal dimension (Dij) calculated
at different spatial scales we found that populations
were more contiguous at plot (2.5–25 m) and regional
scales (2.5–25 km) than at local and landscape scales
(0.025–2.5 km). We argue that the lack of contiguous
A. elata populations over 250 m to 2.5 km is not
indicative of a low risk, but the result of the spatial
structure of available land in suburban environments.
When working with introduced species, scale-area
curves representing fragmented populations at the
edge of invasions should not be considered to indicate
a lack of invasive spread/threat. Rather they can be
used to identify ‘‘missing links’’ in the invasive
introduction-naturalization-invasion continuum, but
only if the life-history traits, introduction history,
and area suitable for invasion are well understood and
are used in interpreting the results. We suggest that
their greatest value will lie in their use as a method for
long-term monitoring of introduced species.
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Introduction
The spatial distribution of invasive tree species has
important implications for their management. Invasive
populations that are aggregated and confined to small
patches will require different strategies to those that
are spread over large areas, even if they consist of
similar numbers of individuals with a similar con-
densed canopy area (Wilson et al. 2013). Management
of invasive species could be substantially improved by
better understanding aspects of their distribution and
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spatial structure. Unfortunately the collection of
distribution data of the quality required to be useful
for detailed management planning is expensive and is
usually not available (Gaston 1999, 2008 though see
Caplat et al. 2013; Kaplan et al. 2013). One solution is
to collect data on a subsample of quadrats at multiple
resolutions and use scale-area curves to describe the
spatial structure of populations and their potential for
future spread (Wilson RJ et al. 2004; Wilson JRU et al.
2013; Veldtman et al. 2010). Scale-area curves are
generated by comparing the log-area occupied with
log-linear resolution (Kunin 1998). The slope provides
information on the space-filling properties of popula-
tions over a given range of scales; steep slopes indicate
fragmented populations whereas flatter gradients
denote more contiguous populations (Kunin 1998;
Wilson et al. 2004; Veldtman et al. 2010). Thus, scale-
area curves can be used to analyse the distribution and
occurrence patterns of invasive species to elucidate
options for management (Veldtman et al. 2010).
Scale-area curves are an elegant way of extracting
important information from available data; they involve
predicting species abundance by projecting the occu-
pancy–scale relationship across multiple scales down to
a ‘micro’ scale which incorporates single individuals
(Hartley and Kunin 2003; Hartley et al. 2004; Hui et al.
2009; Hui 2011). The use of scale-area curves to
estimate the abundance of a populations at different
scales (Kunin 1998; Hui et al. 2009) enables predictions
of the probability of range expansion and contraction in
species—those with steep scale-area curves (low abun-
dance) may be expected to be in decline while those with
flat curves (high abundance) are expected to expand
(Wilson et al. 2004).
Veldtman et al. (2010) suggested that scale-area
curves can be used to analyse the potential of invasive
spread of populations as well as in the analysis of
occurrence patterns. They suggested that further
spread is likely for invasive species with flat scale-
area curves at the current edge of their invasive range,
whereas species with steep curves have a much
smaller chance of further spread. While this approach
is suitable for populations that have long residence
times (enough time to reach all potentially invasible
sites and to spread), special problems exist when
applying such methods to invasive species with shorter
residence times, for which dimensions of spatial
structure may be more influenced by peculiarities of
the particular introduction and early human-mediated
dissemination than by any innate feature of the species
and its capacity to establish and spread. In general,
species distributions are defined by a mixture of
physical limitations (e.g. climate and geography) and
biological interactions (e.g. predation and dispersal
limitations) that act over a range of spatial and
temporal and scales (Brown et al. 1996). In the case of
species introduced to new regions by humans many of
the conditions governing their natural range size will
have been severely altered or negated by movement to
new areas where populations are not at equilibrium
(Rouget et al. 2004). It has thus been suggested that the
spatial structure of invasive populations may be better
described by features related to their introduction
conditions than to any intrinsic species traits (Lons-
dale 1999; Lockwood et al. 2005, 2009; Thuiller et al.
2006; Wilson et al. 2007, 2009; Castro-Dı́ez et al.
2011; Procheş et al. 2012). As introduction conditions
are inherently linked to the human use of a species,
species introduced in similar ways (i.e. for similar
human uses) should, at least initially, have similarities
in their spatial patterns (Castro-Dı́ez et al. 2011).
Ignoring the influence of human history in shaping the
early spatial patterns of invasive populations could
lead to inappropriate management decisions. For
example, species planted recently may be experienc-
ing local-scale processes highly conducive to spread.
However, being in the early phase of invasion, the
signature of human-dictated placement at scattered
localities may suggest that the distribution of the
species’ population is fragmented, in decline and/or of
minor importance (cf. Wilson et al. 2004) resulting in
management decisions that are not suited to a spread-
ing species. As the early stages of invasion are the
most sensitive to management and represent the
greatest opportunity for control, the development of
a method for the use of scale-area curves in invasive
risk management would be of great value to land
managers if used appropriately. In this paper we
demonstrate how scale-area curves in conjunction
with knowledge of both the life-history traits and
introduction history of invasive species can be used to
inform the management of an invasive species that
occupies a small proportion of its suitable range, and
compare our findings to previous work on an invasion
closer to broad-scale equilibrium.
Plants selected for use as ornamentals are often
planted in small numbers, as individual trees or small
populations (Mack 2005), with most plantings around
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human settlements (Deutschewitz et al. 2003; Foxcroft
et al. 2008). Invasive populations stemming from
these introductions will occur predominately within
these same conurbations. Therefore ornamental plant-
ings will likely appear fragmented at the broad scale,
at least in the early phases of an invasion. Moreover,
while the urban landscape may provide areas of
disturbance and protection from stochasticity as a
result of human activity (Deutschewitz et al. 2003;
Chytrý et al. 2008), the fragmented nature of available
land within urban landscapes might further impose a
spatial structure on any invasive populations. This is in
contrast to other methods of introduction such as the
introduction of trees for silviculture where continuous
broad-scale stands are typically planted over large
areas with numerous introduction sites in regions of
close proximity to one another (Richardson 1998;
Richardson and Blanchard 2011). Invasions stemming
from such introductions may be expected to have a
contiguous spatial structure at the landscape scale (e.g.
Richardson and Brown 1986). Human-usage factors at
an individual stand would therefore play a reduced
role and thus the spatial structure of specific stands
should be a representation of natural spread rather than
an artefact of human introduction.
Previous research on the distribution of invasive
Acacia species in South Africa used scale-area curves
at multiple scales to facilitate the assessment of the
invasive risk of species in different habitats (Veldtman
et al. 2010). However, this work focused on a species
introduced and widely disseminated (mainly for dune
stabilisation), that is common throughout its climat-
ically suitable non-native range in South Africa. Here
we identify and analyse the spatial pattern of an
invasive Acacia species disseminated as an ornamen-
tal tree that is likely to still exhibit spatial patterns in its
distribution related to the method of introduction.
Australian Acacia species were disseminated glob-
ally for a multitude of purposes for a period greater
than 150 years (Richardson et al. 2011). Many of these
introduction events resulted in the establishment and
spread of introduced Acacia, resulting in a number of
species becoming amongst the most widespread
invasive woody plants globally (Richardson and
Rejmánek 2011). Australian Acacia invasions in
South Africa have received a substantial amount of
focus in the literature, resulting in a wealth of
information on their introduction histories, life history
traits and current distribution (Henderson 2006;
Poynton 2009; Gibson et al. 2011; Le Roux et al.
2011). The variety of reasons why humans introduced
Australian Acacia species to South Africa, and the
frequency and extent of invasions resulting from these
introductions makes this system ideal for exploring the
degree to which introduction history shapes current
invasion patterns.
Acacia longifolia was brought to South Africa for
use in the stabilization of mobile dune systems in
coastal areas (Avis 1989). Historical attempts at dune
stabilization were characterized by the planting of
large numbers of trees into open landscapes over large
areas of coast (Avis 1989). In contrast Acacia elata
was disseminated in South Africa as a garden
ornamental tree (Poynton 2009). Low numbers of
trees were therefore introduced into conurbations
haphazardly scattered throughout the country. The
reproductive history of both species is characterized
by gravity dispersed, high dormancy seeds that form
substantial soil stored seed banks under their respec-
tive canopies. Similarities in seed dispersal mecha-
nisms and life-history traits combined with the well
documented differences in introduction history make
these species ideal for developing an understanding of
how human use influences the invasive distributions of
tree species. Here we describe the spatial structure of
invasive populations of A. elata in South Africa using
scale-area curves and compare our findings to those of
Veldtman et al. (2010) who focused on A. longifolia.
In this paper we aim to identify differences in the
spatial structure of invasive populations of A. elata
and A. longifolia that can be linked back to their reason
for introduction using scale-area curves. In so doing
we also aim to highlight the potential for scale-area




Acacia elata (A. Cunn. Ex Benth.), one of at least 80
Australian Acacia species introduced to South Africa
(Richardson et al. 2011), was initially used in trial
plantings for silviculture in the early twentieth century
(Poynton 2009). However, the species failed to
impress for its original intended use, and instead
became widely distributed as a popular ornamental
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tree. Consequently, Acacia elata was planted in small
numbers at many sites of human habitation across the
country (Poynton 2009). It has since become natural-
ized and invasive in a number of regions but to date
has received little direct management attention,
although indications are that it has a similar potential
impact to many other invasive Australian acacias.
Invasive populations develop substantial seed-banks
of hard coated seeds that respond to disturbance.
Dispersal is mostly through gravity with some evi-
dence of secondary movement by ants (O’Dowd and
Gill 1986; Donaldson 2013) and so seeds do not
naturally disperse particularly far (99.9 % \ 20 m).
Acacia longifolia was brought to South Africa
during the nineteenth century for use in the stabiliza-
tion of mobile dune systems in coastal areas (Avis
1989). Native to the south-eastern coastal belt of
Australia it was selected for its ability to grow in sandy
soils (Avis 1989). Dune stabilization plantings were
carried out extensively along the southern coast of
South Africa with substantial effort put into aiding the
establishment of populations both in terms of numbers
and cultivation effort (Avis 1989). Although some
plantings of A. longifolia are linked to the ornamental
trade, the majority of established populations have
resulted from larger introduction events into natural
and/or disturbed landscapes adjacent to suitable areas
for spread associated with dune stabilization. The
reproductive biology of A. longifolia is similar to that
of A. elata with a high proportion of the seeds being
dormant and dispersed via gravity and secondary ant
dispersal, resulting in large soil stored seed banks
under the dense canopies but with little long-distance
seed movement (Milton and Hall 1981; Marchante
et al. 2010).
Study area
We followed the methodology of Veldtman et al.
(2010). All quarter-degree grid cells (QDGC, 150
latitude by 150 longitude) recorded as occupied by A.
elata were extracted from the Southern African Plant
Invaders Atlas (SAPIA; details in Richardson et al.
2005). A subsample of these 48 QDGCs was selected
for fractal sampling. Cells that incorporated popula-
tions from the entire distribution of the species in
South Africa were selected. Cells were selected to
cover populations from the northern, southern and
western regions of the country similar to those worked
on by Veldtman et al. (2010) to allow comparison with
populations of A. longifolia. QDGCs sampled were
named after the largest major town incorporated in or
close to each cell (Elgin, Somerset West, Hermanus,
Springbok, Knysna, Storms River, George, Hankey,
Carletonville and Johannesburg).
For fractal sampling and scale-area curves to
become a practical management tool at the national
scale they need to be feasible both economically and
temporally. To limit expenses while still sampling a
reasonable portion of occupied cells we selected ten
QDGCs for analysis (Fig. 1). This number was based
on an average driving distance of 200 km per QDGC
cell and 3 working days with two surveyors per cell for
fractal sampling field surveys. Four cells were selected
from each of the two most heavily invaded regions
(western and southern) and two cells from the less
densely occupied northern region of South Africa
(Fig. 1). Cells selected were those with the greatest
road access to maximize sampling efficiency (Kunin
1998; Hartley et al. 2004; Veldtman et al. 2010).
Fractal sampling
Field surveys to collect abundance and occupancy data
took place from January to March 2013 when adult
trees were in flower and easy to identify in the
landscape. Each selected QDGC was visited and
divided into 100 equally sized cells (1.50 by 1.50)
which were systematically surveyed by driving all
available roads and mapping populations with a global
positioning system receiver (Garmin GPSmap 62 s;
Garmin International, Olathe, KS, USA) containing
the predefined grids setup for field surveys. In areas
where trees were densely populated, visibility was
poor, or road access was restricted, the area was
searched further on foot. Within each cell the presence
or absence of A. elata was noted and the abundance
within the cell estimated as low (\10 mature individ-
uals), medium (between 10 and 100 individuals) or
high (more than 100 individuals). Of the 100 cells
assessed, two cells (one 1.50 by 1.50 cell with high and
one 1.50 by 1.50 cell with low abundance) were
selected and split into a further 100 cells (0.150 by
0.150) and these cells surveyed more intensively on
foot with the abundance and occupancy recording
process repeated. Again, from the 100 smaller cells,
two cells were selected (one high and one low density)
and divided into a further 100 cells (0.0150 by 0.0150).
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The abundance in these cells was identified as low
(\10), medium (10 \ x \ 50) or high ([50) on foot
by walking transects and, where possible, two cells of
each category randomly selected. The six randomly
selected 0.0150 by 0.0150 cells were then split into 100
cells each. All the trees with a circumference of greater
than 150 mm in the selected 0.0150 by 0.0150 grids
cells were mapped (Fig. 1). Abundance estimates at
the smallest scale were averaged between cells of the
same category to estimate relative abundances for
larger resolution cells.
Generating scale-area curves
We constructed scale-area curves by comparing the
linear occupancy (km2) and linear resolution (km).
Longitude was converted to the appropriate distance in
kilometres using the equation: longitude (km) = (pi/
180) * R * cos(A), where R represents the radius of the
earth and A represents latitude. Across the study area
(26S–35S) the longitudinal length of cells varies
only slightly 25.2–26.1 km, with a constant latitudinal
length of 27.6 km. Occupancy was determined at each
scale by multiplying the number of occupied grid cells
by the size of the cell (Hartley et al. 2004). Occupancy
was estimated at four different resolutions by aggre-
gating the finest resolution data (100 cells) into three
levels of coarser resolution (25 cells, 4 cells and
1QDGC; also see Veldtman et al. 2010). As a result we
analysed occupancy at 12 fractal dimensions (sensu
Veldtman et al. 2010; Hartley et al. 2004; Wilson et al.
2004) (scales i–j in approximate km: plot scale,
0.0025–0.005, 0.005–0.0125, 0.0125–0.025; local
scale, 0.025–0.05, 0.05–0.125, 0.125–0.25; landscape
scale 0.25–0.5, 0.5–1.25, 1.25–2.5; and regional scale,
2.5–5, 5–12.5, 12.5–25).
For each of the 10QDGCs sampled during field
work we computed the relationship between the box-
counting fractal dimension (Dij) and scale (i–j km).
The fractal dimension (Dij) was calculated using the
equation Dij = 2–bij, where bij represents the slope of
the regression between log area of occupancy (km2)
and log linear dimension (km) (Hartley et al. 2004). Dij
is used to describe the spatial makeup of a species
between scales i–j with the maximum value of 2
indicating coarse cells are completely filled with
Fig. 1 Quarter-degree grid cells occupied by Acacia elata
(black dots) in South Africa. The ten cells sampled in this study
are shaded completely black. An example of the fractal
sampling design used to determine occupancy at four different
scales is indicated on the right with one low and one high
occupancy cell selected at each resolution where possible:
Regional (150 latitude by 150 longitude), landscape (1.50 by 1.50),
local (0.150 by 0. 150) and plot (0.0150 by 0.0150)
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occupied fine scale cells, while a minimum value of 0
indicates the occupancy of a coarse scale cell by a
single occupied fine scale cell (Kunin 1998).
Statistical analysis
All analyses were done in R3.0.1 (R Core Team 2013).
Differences between population structure at four
different scales (plot, local, landscape, regional) were
assessed by comparing all QDGC Dij scores at
different scales using the Friedmans Rank Sum Test
(Hollander and Wolfe 1999). As post hoc analyses on
Friedmans Rank Sum Test are considered weak
(Baguley 2012), we therefore rank transformed data
before testing for interactions between different scales
using a one-way repeated measures ANOVA with
scale the within-subjects-factor grouped by QDGC. A
post hoc Tukey HSD test was then run to assess where
differences in spatial structure between scales
occurred (Canover and Iman 1981; Baguley 2012).
To compare the spatial structure of A. elata with
that of A. longifolia we used data for the 8 occupied A.
elata QDGCs with the 12 QDGCs occupied by A.
longifolia (data from Veldtman et al. 2010). We
compared Dij values at each scale between the two
species using a Wilcoxon Signed Rank Test (Hol-
lander and Wolfe 1999).
Results
Spatial Structure of Acacia elata
Occupancy levels varied markedly between cells
(Fig. 2). Despite this, there was a consistent relation-
ship across all assessed QDGC containing invasive
populations with high Dij- scores at the finest and
coarsest scales [(i.e. plot (0.0025–0.025 km) and
regional (2.5–25 km)] compared to the intermediate
scales [(i.e. local (0.025–0.25 km) and landscape
(0.25–2.5 km); see Table 1, Fig. 3)]. This suggests
that at the very localized and broad levels the spatial
distribution of A. elata in South Africa shows greater
continuity than the relatively fragmented state of the
distribution at the local and landscape scale.
The Friedmans Rank Sum Test (p \ 0.001) and
one-way repeated measures ANOVA (p \ 0.001)
indicated that there were differences in Dij scores
between scales. The post hoc analysis showed that
(a) populations at the plot scale were more contiguous
than those at the both local and landscape scales
(p \ 0.001); (b) local and landscape scales did not
differ significantly; and (c) populations appear more
contiguous at the regional scale than the landscape
scale (p \ 0.01) but are not significantly different in
structure to those at the plot and local scale.
Comparison between A. elata and A. longifolia
The Wilcoxon Signed Rank Test indicated that
populations of A. longifolia were found to be signif-
icantly more contiguous (p \ 0.05) than A. elata
across most scales, in particular between 125 m and
5 km (Fig. 3).
Discussion
The relatively low Dij scores for Acacia elata at the
local and landscape scale when compared with the plot
and regional scales suggest that spatial distribution is
scattered between 250 m and 2.5 km. Hui et al. (2006)
suggest that low Dij are indicative of weak spatial
autocorrelation resulting from the absence of strong
ecological processes at the scale analysed. In the case
of A. elata it appears that ecological processes acting
over distances between 250 and 2.5 km seem to be the
reason for the limited distribution of A. elata in South
Africa. One potential reason for the observed pattern is
that ornamental trees cultivated in gardens may act as
source populations for small invasive patches. These
Fig. 2 Scale–area curves for Acacia elata for quarter-degree
grid cells surveyed at multiple scales in South Africa. Steeper
slopes indicate fragmented populations, whereas more gradual
gradients are typical of more contiguous populations
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patches may occur in uncultivated areas with broader
conditions that do not support sustainable populations.
As a result small pockets of invasive trees will be
interspersed by large areas where trees are absent. This
cannot be fully discounted and will undoubtedly play a
role in the observed spatial structure of certain
naturalized populations. However, the presence of
multiple generations of trees in invasive stands, and
presence of invasive stands far from cultivated trees
suggests other factors are limiting spread over the
intermediate scale. We suggest that the failure of
processes operating over distances of 250 m to 2.5 km
is linked to interactions between life-history trait
limitations and the human-mediated method of intro-
duction as ornamental trees. Ornamental trees are
introduced into suburban habitats, a habitat that is
often highly fragmented at scales between 250 m and
2.5 km. The combination of the fragmented landscape
and the inability of A. elata to disperse over large
distances will mean that populations may establish in
suitable pockets in urban space but that further spread
will be limited by a lack of suitable land (Minor et al.
2009). Thus despite suitable conditions that allow
initial establishment and naturalization, the
Table 1 Scale-specific box-counting fractal dimensions (Dij) for quarter-degree grids cells occupied by Acacia elata in South Africa
(linear resolution from 25 km to 2.5 m)
QDGC Latitude Longitude Scale (i–j)
2.5–25 m plot 25–250 m local 250 m–2.5 km landscape 2.5–25 km regional
Elgin -34 150 S 19000E 0.92 0.88 0.66 0.92
Somerset West -34 150 S 18450E 1.00 0.70 0.71 0.91
Hermanus -34 300 S 19150E 0.76 0.33 0.10 0.40
Knysna -34 150 S 23000E 0.58 0.51 0.33 0.33
Storms River -34 000 S 23450E 1.13 0.63 0.55 0.88
George -34 000 S 23150E 0.60 0.57 0.00 0.62
Carletonville -26 300 S 27150E 0.23 0.00 0.00 0.25
Johannesburg -26 150 S 27450E 0.64 0.38 0.65 0.78
Dij explains the spatial makeup of a species between scales i–j; the maximum value of 2 indicates that coarse cells are completely
filled with occupied small-scale cells, while a minimum value of 0 indicates the occupancy of a coarse-scale cell by a single occupied
smaller scale cell
Fig. 3 Comparison of
mean box-counting fractal
dimensions (Dij) for Acacia
elata (n = 8; this study) and
A. longifolia (n = 12;
Veldtman et al. 2010) for
quarter-degree grid cells
surveyed at multiple scales
in South Africa. Maximum
values of 2 indicate that
coarse cells are completely
filled with occupied fine
scale cells; a minimum
value of 0 indicates the
occupancy of a coarse scale
cell by a single occupied
fine-scale cell (Wilcoxon
signed rank test, *p \ 0.05,
**p \ 0.01)
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combination of dispersal limitations and placement
into heavily human altered landscapes with large areas
of unsuitable land will limit expansion of populations
beyond the plot scale. Roads, properties, and intensive
management of human-dominated areas create large
unsuitable areas with large distances between patches
of suitable habitat (Fig. 4; Minor et al. 2009). In such
cases, secondary dispersal (in the form of a mutualism
with birds, passive dispersal in water, or through the
deliberate or unintended movement of seed by
humans) is required (Minor et al. 2009). As A. elata
is not adapted for dispersal by birds (O’Dowd and Gill
1986), medium-distance movements of propagules
will rely heavily on dispersal by humans and with
deliberate introductions limited to personal prefer-
ence, plantings of long-lived trees into gardens is
likely to be infrequent resulting in low numbers of
deliberately moved propagules over medium to long
distances. Thus the most likely movement of seeds
will be through unintentional human movement.
Support for this notion is provided by the relatively
continuous spatial structure at landscape scales of two
sites where forestry is the dominant land use type
(Storms River and Elgin sites). Heavy machinery used
in silvicultural operations has been shown to be a key
dispersal vector for many invasive species (Watkins
et al. 2003; Christen and Matlack 2009), including
other Acacia species (Kaplan et al. 2013). It is likely
that at these two sites the increased accidental
movement of seeds by machinery is acting to override
the natural dispersal limitations of A. elata being
experienced at other sites.
If populations are dispersal limited, we would
predict that the scale-area curves would be steep and
that the gradient would only become shallow when
dispersal barriers are overcome or where trees are
introduced or seeds are dispersed to areas with large
tracts of connected suitable land as the invasion
progresses (with increased residence time), and so Dij
scores would become more consistent across spatial
scales. Species with a longer residence time, larger
initial propagule pressure, efficient long-distance
dispersal, placement into areas with large, connected
areas susceptible to invasion, or large extent of initial
distribution would likely have scale-area curves more
indicative of observed population dynamics. This
seems to be the case for A. longifolia which experi-
enced substantially more planting effort than A. elata,
with larger numbers of trees introduced over large
areas with large tracts of connected suitable habitat.
Thus, despite the similarly limited dispersal capabil-
ities of A. longifolia, occupied cells consistently
showed greater continuity in population structure than
A. elata across all scales assessed (Fig. 2). Further-
more, the most heavily occupied A. elata cells
assessed in this study had steeper scale-area curves
than for the most occupied A. longifolia cells,
indicating that A. elata populations are not (yet) as
Fig. 4 Position of invasive
Acacia elata trees spreading
in a suburban area of
Knysna, Western Cape,
South Africa
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dense as A. longifolia at landscape and local scales.
This is expected to change over time and we would
suggest that, if left unmanaged, A. elata populations
will eventually reach sites with more connected
suitable land which will favour spread and could
result in invasions of a similar scale to more notorious
and currently damaging Acacia species such as A.
mearnsii and A. saligna. A more definitive test of these
assumptions would be to assess species with similar
human introduction pathways but different natural
dispersal mechanisms. Research analysing the spatial
structure of bird-dispersed species such as A. cyclops
may provide more definitive comparisons regarding
the influence of human use on the spatial structure of
invasive plants. Alternatively, patterns in QDGCs that
differ in known aspects of planting effort could be
compared, though detailed data on planting effort (i.e.
dates and localities) are often not available for
ornamental species.
We argue that the lack of contiguous A. elata
populations over 250 m to 2.5 km is not indicative of a
low risk, but the result of the spatial structure of
available land. Contrary to the suggestions of Veldt-
man et al. (2010) that fragmented populations are
unlikely to spread we would argue that these popula-
tions in urban environments may represent substantial
invasive debt (Essl et al. 2011) that if afforded the
opportunity to ‘‘escape’’ fragmented environments
and reach open landscapes could result in an increased
rate of invasion. This could explain to some extent the
lag phases observed for certain species initially
introduced to urban landscapes (Aikio et al. 2010).
We suggest that in cases such as that of A. elata,
management should focus on maintaining the current
‘‘missing links’’ in the invasive chain by limiting the
movement of trees and seed over distances between
250 m and 2.5 km and ensuring that populations
remain restricted to urban areas that do not allow
further spread i.e. ensure populations near green belts
and open land are removed and new introductions to
areas away from conurbations are completely limited.
In this capacity the control of A. elata seems relatively
straight forward with containment and localized
eradications the most feasible option (Moore et al.
2011). Effective containment could be greatly
improved through the introduction of biological
control of seed production which would reduce the
likelihood of accidental seed movement (Impson et al.
2011). Areas where urban environments are in close
proximity to forestry stations should receive the
greatest attention with Somerset West, Elgin, and
Storms River representing the greatest threat accord-
ing to this study.
We argue that, when working with introduced
species, scale-area curves representing fragmented
populations should not be considered to indicate a lack
of invasive spread/threat. Rather Dij scores at the plot
scale will give the greatest representation of a
population’s ability to establish as anything larger
may simply be representative of the fragmented
landscape into which species are introduced. Scale-
area curves can provide a useful management tool,
however care should be taken to understand the area
into which subject species have been introduced and
the time since introduction when assessing invasive
threat. Species that show dense populations at the plot
scale after short periods since introduction should be
identified as threatening. In particular species intro-
duced initially as ornamentals to urban environments
that appear in contiguous populations outside conur-
bations a short period after introduction should be
considered a substantial threat as these would be
species that display the ability to disperse beyond the
‘restrictive’ urban environment and thus display
widespread dispersal capacities indicative of major
invasive species such as Brazilian peppertree (Schinus
terebinthifolius) in Florida and Hawaii and miconia
(Miconia calvescens) on islands in the South Pacific
(Meyer 1996, 1998; Williams et al. 2007).
Scale-area curves can thus be used to identify
‘‘missing links’’ in the invasive introduction-naturali-
zation-invasion continuum if they are used in an
appropriate manner. Of particular use is the ability to
identify sections where weak processes are limiting
invasive spread, which with appropriate knowledge of
species life-history traits, introduction history and area
affected can aid management in developing manage-
ment protocols that will be the most fruitful. Perhaps a
more powerful use of scale-area curves is their
potential for monitoring. One interesting area is the
increasing trend in horticulture to match species to the
surrounding habitat in an attempt to reduce cultivation
expenses (eco-gardening) and as a result threatens to
introduce an entirely new suite of invasive species
(Bradley et al. 2011). With the large number of species
involved in the trade and diversity of stake holders
identifying and monitoring potential threats is set to
become an increasingly expensive challenge to
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managers looking to limit invasive costs. Scale-area
curves could be used as a standard means to monitor
such species. Naturalized populations that have high
Dij values at the plot scale would be considered
indicative of potentially threatening species. More
definitively plots could be set up for similar assess-
ments at the edge of urban landscapes where large
tracts of potentially invisible land are present. In these
areas species that appear and develop flattened curves
over multiple scales and short periods should be
highlighted as species that need immediate
consideration.
In summary, we believe that scale-area curves can
provide useful insights for invasive species manage-
ment, but only if the life-history traits, introduction
history and potential area suitable for invasion are well
understood and are used in interpreting the results. We
suggest that their greatest value will lie in their use as a
feasible method for the long-term monitoring of
introduced species.
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Procheş Ş, Wilson JRU, Richardson DM, Rejmánek M (2012)
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